A combination of solid phase extraction (SPE) columns was used for selective separation 24 of water-soluble arsenic species: arsenite, arsenate, monomethylarsonic acid (MMA) and 25 dimethylarsinic acid (DMA). The SPE columns, namely AnaLig TE-01 (TE-01), AnaLig 26 AN-01 Si (AN-01) and AnaLig As-01 PA (As-01), contain immobilized macrocyclic material 27 as the sorbent and commonly known as molecular recognition technology (MRT) gel. The 28 retention, extraction and recovery behavior of the MRT gel SPE columns were studied at pH 29 4-10. Fortified deionized water spiked with 100 µM of arsenic species were treated at the 30 flow rate of 0.2 mL min -1
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. HNO 3 (1.0 and 6.0 M) was used as eluent to recover the retained 31 arsenic species from TE-01 and AN-01 SPE columns. Arsenic species retained in the As-01 32 column were eluted with HNO 3 (0.1 M) followed by NaOH (2.0 M). Likely interference from 33 the various coexisting ions (Na in natural water systems-a major pathway of arsenic ingestion to humans (Smedley and 58 Kinniburgh, 2002) . Arsenic toxicity in human depends strongly on its chemical form. As(III) 59 is 10 times more toxic than As(V) while almost 70 times more toxic than the methylated 60 forms, MMA and DMA (Squibb and Fowler, 1983) . As(III), having successive acid 61 dissociation constants (pK a ) of 9.2, 12.2 and 13.4, is not dissociated at neutral pH and is 62 present as a neutral species. As(V) and MMA has a wide range of pK a values [As(V): 2. selective and accurate measurement of arsenic species is required for precise monitoring and 69 understanding the extent of arsenic contamination. 70
In natural waters, As usually exists at trace levels and several techniques are proposed for 71 selective quantification and speciation analysis of arsenic species at trace levels (Barra et al., 72 6 380 mA was employed as light source. The wavelength was set at the 193.7 nm resonance 122 line and the monochromator spectral bandpass at 0.7 nm. Baseline offset correction time was 123 set to 2.0 s and the read delay at 0.0 s. Argon was used as purge gas and the flow rate was set 124 to 250 mL min Navi F-52 pH meter (Horiba Instruments, Japan) and a combination electrode. 130
Reagents and materials 131
Analytical grade commercial products were used. Stock solutions (10 mM) of As(III), 132
As(V), MMA and DMA were prepared from sodium arsenite (NaAsO 2 ) (Kanto Chemical, 133 Japan), sodium arsenate heptahydrate (Na 2 HAsO 4 ·7H 2 O), monomethylarsonic acid 134 (CH 3 AsO(OH) 2 ), dimethylarsinic acid sodium salt trihydrate (C 2 H 6 AsNaO 2 ·3H 2 O) (Nacali 135
Tesque, Japan). Working standards of metal solutions in the range of µM to mM were 136 prepared by dilution on a weight basis. Deionized water prepared with a Barnstead 4 housing 137 E-Pure systems was used to prepare all solutions and is referred to as EPW hereafter. 138
The experimental pH range was 4-10, and adjusted using either 1 M HCl or 1 M NaOH. 139 MES (2-(N-morpholino) ethanesulfonic acid monohydrate, C 6 H 13 NO 4 S·H 2 O) (Sigma-Aldrich, 140 USA), HEPES (N-2-Hydroxyethylpiperazine-N'-2-ethanesulfonic acid, C 8 H 18 N 2 O 4 S) (Nacali 141
Tesque, Japan), and TAPS (N-Tris(hydroxymethyl)methyl-3-aminopropanesulfonic acid, 142 C 7 H 17 NO 6 S) (MP Biomedicals, USA) were used as buffer reagents for pH 4-6, 7-8 and 9-10, 143 respectively. 144 NaCl, KCl, CaCl 2 , MgCl 2 were used as a source of cations while the Na-salt of anions 145 
Column cleaning and conditioning 173
MRT gel SPE columns: AnaLig TE-01 (TE-01), AnaLig AN-01 Si (AN-01), AnaLig As-174 01 PA (As-01) were purchased from GL Sciences, Japan. The SPE sorbents are proprietary 175 polymeric organic materials comprised of ion-selective sequestering property. The sorption 176 ability of the SPE materials is based on the molecular recognition and macrocyclic chemistry. 177 SPE materials packed in 3 mL columns were used in the experiments. Column cleaning was 178 conducted with 8 mL of 1.0 M HNO 3 and 6 mL of EPW. Appropriate buffer solution (5 mL) 179 was allowed to follow through the column to ensure the desired pH condition (4-10). 180
Retention, extraction and recovery of arsenic species with MRT gel columns 181
The work-flow sequence for the separation of As(III), As(V), MMA and DMA using 182 MRT gel SPE columns followed by GF-AAS determination is summarized in Table 1 . 183
Sample solution (4 mL) was passed through the SPE column at the optimized pre-set flow 184 rate of 0.2 mL min (Table 2 ) was checked at the optimum conditions. 213
Quantitative retention up to the flow rates of 0.25 mL min 
Retention behavior of the MRT gel SPE columns 235
The retention efficiency of the MRT gel SPE columns for different arsenic species at 236 varying pH is illustrated in Fig. 2 . The retention (%) of As(III) was negligible with TE-01 and 237 AN-01 SPE columns. Average retention efficiency (%) of 92±3.7 was observed with As-01 238 column at the pH 4 to 10 while it was highest at pH 7 (96±1.2). As(III) mainly exists as a 239 neutral species, As(OH) 3 , at the entire range of the studied pH. Thus, the macrocyclic 240 materials immobilized in the TE-01 and AN-01 columns were not capable of retaining the 241 neutral form of As(III). Almost complete retention of As(V) and MMA was achieved at pH 4 242 to 7 with all the MRT gel SPE columns. As(V) and MMA remain in the anionic form within 243 that pH range, as evident from the corresponding pK a values. Therefore, all of the MRT gel 244 columns investigated can retain the anionic form of As(V) and MMA. DMA, which exists as 245 a cation in the acidic medium, was retained at an average efficiency (%) of 94±3.3 with As-246 01 column between pH 4 and 6 while the retention was not that notable with TE-01 and AN-247 01 columns. 248
Data evaluation showed that the most significant finding of our work was with As(III). those SPE systems were recommended for As(III) separation considering the difficulty in 255 elution. In our study, at pH 7, As(III) was completely retained at As-01 SPE column followed 256 by quantitative recovery. 257
Extraction and recovery behavior of the MRT gel SPE columns 258
The extraction behavior of the MRT gel SPE columns with four arsenic species is 259 illustrated in Fig. 3 . A similar extraction pattern was observed with TE-01 and AN-01 SPE 260 columns; As(III) was not captured, As(V) was captured at an average rate (%) of 99±0.5 until 261 pH 8, MMA extracted at an average percent rate of 99±0.60 at pH 6 and 7, and the highest 262 extraction (%) of 71±4.6 was observed at pH 7 for DMA. With As-01 SPE columns, the 263 average extraction (%) was 96±3.2 at pH 4-6 for As(V), MMA and DMA, while it was 264 99±1.1 at pH 7-9 for As(III). 265
Recovery (%) of the arsenic species with the MRT gel SPE columns is shown in Fig. 4 . 266 TE-01 SPE columns showed quantitative recovery performance at the entire studied pH range 267 for all the arsenic species. AN-01 SPE columns showed similar behavior with As(III), As(V)12 and DMA while fluctuating recovery was achieved for MMA at different pH. A gradual 269 increase in the recovery (%) was observed from pH 4 to pH 10 with As-01 SPE columns, and 270 expected maximum recoveries were achieved for all the arsenic species at pH 7. 271
The extraction and recovery behavior of the MRT gel SPE columns leads us to the 272 following assumptions: (i) TE-01 and AN-01 columns are not effective for As(III) separation 273 but can be used to separate other target species (As(V), MMA and DMA) quantitatively at 274 varying pH conditions; (ii) selective separation and complete elution of As(III) is possible 275 with the As-01 column; (iii) the As-01 column can also be used to preconcentrate the targeted 276 water-soluble arsenic species for the determination of total arsenic content in the samples, if 277 selective separation is not desired; and (iv) column regeneration process is simple because the 278 retained analytes are completely eluted. 
Scheme for selective separation of arsenic species 310
The differences in extraction and recovery pattern of MRT gel SPE columns for different 311 arsenic species enabled us to propose a selective separation method. The method is based on 312 the selective retention of the arsenic species followed by quantitative selective recovery at the 313 elution step. Retention, extraction and recovery behavior of three MRT gel SPE columns: 314 TE-01, AN-01 and As-01 were studied and combined to design a multi-step separation 315 technique for quantitative measurement of As(III), As(V), MMA and DMA. Another MRT 316 14 gel SPE column, AnaLig AN-02, was also checked. The retention, extraction and recovery 317 behaviors of the AN-02 column were somewhat similar with those of AN-01 column. 318
Therefore, AN-02 column can be considered as an alternative of AN-01 column in the 319 separation process. The scheme for selective separation with subsequent quantitative 320 measurement of the arsenic species by GF-AAS technique is shown in Fig. 5 . 321
At pH 5, As(V) and MMA were quantitatively retained in the TE-01 SPE column while 322
As(III) and DMA remained in the column effluent. The captured species was eluted with 323 HNO 3 . The eluted solution was separated into two equal portions, and pH was adjusted to 5 324 and 8 respectively. When each of the pH-adjusted portions independently treated with AN-01 325 SPE columns, As(V) and MMA were quantitatively extracted and recovered from the eluted 326 solution, respectively, at pH 5 and pH 8. The column effluent containing As(III) and DMA 327 were adjusted to pH 9, and treated with As-01 SPE column. DMA remained in the solution 328 that passed through the SPE material while As(III) was selectively captured. Captured As(III) 329 was eluted with the eluent combination of 0.1 M HNO 3 followed by 2.0 M NaOH. GF-AAS 330 were used to determine the concentration of the individual arsenic species. 331
Analytical characteristics 332
The concentrations of As(III), As(V), MMA and DMA in the treated solutions from MRT 333 gel SPE columns were measured using GF-AAS. At optimum conditions, the linear range 334 was found to be 0.01-0.32 µg mL for MMA and DMA. The precision of the method was also 338 studied. The repeatability, as relative standard deviation, was 0.65, 2.93, 2.25 and 1.20%, 339 calculated from 10 replicate measurements at the 1.0 µM of As(III), As(V), MMA and DMA 340 respectively. 341
Accuracy and applications 342
The accuracy of the proposed separation scheme was evaluated by analyzing two EC-343 JRC-IRMM CRMs, namely BCR-713 (effluent wastewater) and BCR-610 (groundwater) 344 (Table 3) . None of the arsenic species measured in this work has either certified or literature 345 values. Our values for the total of all arsenic species determined for both BCR-713 and BCR-346 610 were in good agreement with the certified value, the calculated recoveries, 97% for BCR-347 713 and 94% for BCR-610, were satisfactory. The proposed separation scheme was also 348 applied to the analysis of local natural water samples (tap water and river water) and was 349 validated by spiking the samples with known amounts of As(III), As(V), MMA and DMA 350 (Table 4 ). The recoveries from spiked solutions were varied in the range 98±1.6-102±1.7%. 351
Conclusions 352
The application of three MRT gel SPE columns (TE-01, AN-01 and As-01) for selective 353 separation of four different arsenic species (As(III), As(V), MMA and DMA) was 354 demonstrated. Retention behaviors of the arsenic species were varied with the change of pH 355 at the range of 4 to10. TE-01 and AN-01 SPE columns were unable to retain As(III) while 356
As-01 showed the ability to retain all the species at a certain pH quantitatively. Either HNO 3 357 or a combination of HNO 3 and NaOH were used as eluent to recover the 'captured' species 358 from the MRT gel structure. However, the recovery ratio was also found to depend on the pH. 359 pH-dependent retention and recovery behavior of the MRT gel SPE columns were used to 360 design a selective separation scheme for quantitative determination of a particular arsenic 361 species in the sample solution. It is possible to overcome the tedious preconcentration process 362 by following the proposed selective separation technique. To the best of our knowledge, it is 363 the first ever report dealing with SPE columns equipped with immobilized macrocyclic 364 material as sorbent material for selective determination of arsenic in water. In addition, 365 quantitative retention followed by recovery of As(III) was achieved with As-01 column 
